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 The chicken embryo is a long-established model or-
ganism that has enabled major advances in all areas of 
developmental biology. This model has contributed to 
defining basic principles such as induction and compe-
tence, establishing general mechanisms such as asymme-
try and patterning, and elucidating the genetic regulation 
underlying the specification of individual tissues/organs 
(e.g., neural development, limb development) [reviewed 
in Levin et al., 1995; Stern, 2004; Davey and Tickle, 2007]. 
Benefits of this model include: (a) a shelled egg that is in-
dependent of the hen, allowing easy access for observa-
tion and experimental manipulation; (b) the ability to 
synchronise the incubation of large numbers and isolate 
embryos at precise stages of development; (c) the com-
paratively large size; (d) a planar development that shows 
significant similarities to that of the early human embryo; 
and (e) the fact that fertilised eggs are both inexpensive 
and readily available. The different stages of chicken de-
velopment have been documented in great detail by 
Hamburger and Hamilton [Hamburger and Hamilton, 
1951] amongst others, and a wide variety of experimental 
procedures have been developed for this model. Manipu-
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 Abstract 
 The chicken embryo is an established model system for 
studying early vertebrate development. One of the major 
advantages of this model is the facility to perform manipula-
tions in ovo and then continue incubation and observe the 
effects on embryonic development. However, in common 
with other vertebrate models, there is a tendency to disre-
gard the sex of the experimental chicken embryos, and this 
can lead to erroneous conclusions, a lack of reproducibility, 
and wasted efforts. That this neglect is untenable is empha-
sised by the recent demonstration that avian cells and tis-
sues have an inherent sex identity and that male and female 
tissues respond differently to the same stimulus. These sexu-
ally dimorphic characteristics dictate that analyses and ma-
nipulations involving chicken embryos should always be 
performed using tissues/embryos of known sex. Current sex-
ing protocols are unsuitable in many instances because of 
the time constraints imposed by most in ovo procedures. To 
address this lack, we have developed a real-time chicken sex-
ing assay that is compatible with in ovo manipulations, re-
duces the number of embryos required, and conserves re-
sources.  © 2016 S. Karger AG, Basel 
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lations can be performed at different developmental stag-
es via a small window cut in the egg shell, and the egg can 
then be sealed and re-incubated, allowing further embry-
onic development – an approach that is extremely diffi-
cult with placental vertebrates.
 In common with other vertebrate model systems, the 
majority of chicken studies fail to consider the sex of em-
bryos. However, research on mammalian systems has 
shown that this oversight is no longer supportable and 
that both sexes should be considered in an experimental 
design: the bias towards including only male animals or 
male cells results in a failure to identify sex differences 
relevant to downstream clinical studies and may contrib-
ute to a lack of reproducibility in many studies [Clayton 
and Collins, 2014]. As regards non-mammalian verte-
brates, we have recently shown that chicken somatic cells 
possess an inherent sex identity and that male and female 
cells and tissues respond differently to extracellular stim-
ulation [Zhao et al., 2010]. Even non-reproductive tis-
sues exhibit hormone-independent sexually dimorphic 
characteristics [Clinton et al., 2012; Maekawa et al., 2013; 
Garcia-Morales et al., 2015]. As a consequence, the use 
of unsexed embryos in chicken studies could confound 
experimental results: it will certainly lead to an increase 
in variation in the parameters under study and could 
produce completely misleading conclusions. For in-
stance, transcriptomic comparisons on pools of tissue 
from unsexed embryos will identify gene expression dif-
ferences that are simply due to differences in the 
male:female composition of the samples, and that are un-
related to the primary focus of the analysis. Similarly, in 
grafting studies, heterologous transplants are unlikely to 
behave in exactly the same way as homologous trans-
plants, and male and female embryos may even respond 
differently to expression from electroporated constructs 
or to the effects of implanted beads. For this reason, such 
studies should always be performed on embryos of 
known sex, and ideally, on embryos of both sexes. A reli-
able molecular sexing method is required as the majority 
of tissue manipulations/collections are performed when 
male and female embryos are morphologically indistin-
guishable. There are currently a number of methods 
available, but these are laborious and time-consuming 
and incompatible with studies involving live embryos 
[Clinton, 1994; Griffiths et al., 1998; Cortes et al., 1999; 
Fridolfsson and Ellegren, 1999; Clinton et al., 2001; 
Chang et al., 2008]. To address this requirement, we have 
developed a simple and robust assay that allows the rap-
id identification of the sex of individual embryos using a 
small quantity of crude material. With this procedure, 
sex can be determined in 5–15 min using either tissue 
fragments, small volumes of whole blood, or a small 
number of isolated cells.
 Materials and Methods 
 Biological Materials 
 Fertile eggs from ISA Brown hens were incubated at 38 ± 0.5  °  C 
for the desired time.
 For routine tissue collections, embryos were decapitated and 
the relevant tissue was dissected and snap frozen. A fragment ( ∼ 50 
mg) of the remaining embryo was excised and either processed im-
mediately or stored at –20  °  C. For analysis, water (100 μl) was add-
ed to the tissue and the sample was heated at 95  °  C for 5 min. With-
out further processing, 7.5 μl was transferred to a 96-well plate for 
assaying.
 For procedures involving live embryos, a small volume ( ∼ 0.5 
μl) of blood was collected, diluted to 10 μl with water, and heated 
at 95   °   C for 5 min. After cooling, 7.5 μl was used in the Hologic 
Invader ® sexing assay. Depending on the stage of development 
involved, blood was collected from either a chorio-allantoic mem-
brane vessel, the vitelline vein, or the heart.
 Blood was collected from adult birds of known sex into PBS 
containing EDTA to a final concentration of 5 m M and a series of 
2-fold dilutions prepared in PBS/EDTA. A small volume of diluted 
blood (equivalent to 0.063–2.0 μl of whole blood) was adjusted to 
7.5 μl with water, heated to 95  °  C, and used in the Hologic Invader ® 
sexing assay.
 Blood collected from 5 male and 5 female adult birds was used 
to prepare genomic DNA by standard procedures [Sambrook, 
1989].
 Five independent cultures of male and female chicken embryo 
fibroblasts (CEF) were prepared [Hernandez and Brown, 2010] 
from embryos at day 16 of development. Embryo sex was deter-
mined by visual examination of the gonads.
 Hologic Invader ® Sexing Assay 
 The Invader ® sexing assay reagents are proprietary materials 
owned and produced by Hologic Inc (10210 Genetic Center Drive, 
San Diego, Calif., 92121, USA) (http://www.hologic.com/). The 
Hologic Invader ® sexing assay comprises a ‘W-rpt/CR2 probe 
mixture’ (catalogue number AGBIOTG-XS-006) and a Reagent 
Core Kit’ (catalogue number 91–219). The W-repeat probe mix-
ture comprises a probe and oligo targeting nucleotides 1–200 of 
the chicken W chromosome-specific repetitive DNA (Xho1 fam-
ily) [genebank: X06548.1] and a FRET cassette (FAM: excitation 
494 nm, emission 520 nm), and a probe and oligo targeting nucle-
otides 4021–4558 of chicken retrotransposon CR1 consensus se-
quence [genebank: U88211.1] and FRET cassette (Redmond RED: 
excitation 575 nm, emission 602 nm). The Reagent Core kit con-
tains the Cleavase enzyme.
 Probes, FRET cassettes, and enzyme are combined in a 2× Mas-
ter mix. The samples to be assayed are diluted in water, heated at 
95   °   C for 5 min, and then combined with an equal volume of 2× 
Master mix. Samples are then incubated at 63   °   C in a Stratagene 
MxPro 3000 thermal cycler and fluorescence monitored (using 
both FAM and ROX filters) at 10 s and at 1-min intervals thereaf-
ter.
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 Statistics 
 A minimum of 5 male and female biological replicates were 
used at all stages of assay validation. Signal values for male and fe-
male samples were compared by Student t test.
 Results 
 Basic Assay Principle 
 The sexing assay is based on Hologic Invader ® tech-
nology (http://invaderchemistry.com/), an isothermal 
‘PCR-free’ approach that exploits a thermostable struc-
ture-specific archaebacterial flap endonuclease (FEN) 
that cleaves nucleic acid molecules at specific sites based 
on structure rather than sequence. When used in con-
junction with structure-forming probes for known se-
quences, this ‘Cleavase’ enzyme cuts in a structure- and 
target sequence-specific manner [de Arruda et al., 2002].
 For each target sequence, 2 oligonucleotide probes (a 
primary probe and an Invader ® probe) hybridise in tan-
dem to the target DNA to form a specific overlapping 
structure ( fig. 1 ). The 5 ′ -end of the primary probe con-
tains a 5 ′ -Flap that is non-complementary to the target 
DNA and so is unable to hybridise to the target sequence. 
The 3 ′ -end of the bound Invader ® probe overlaps the 5 ′ -
end of the target complementary portion of the primary 
probe. The Cleavase ® enzyme recognises the overlapping 
structure and cleaves the primary probe releasing the 5 ′ -
Flap as a target specific product. The target specific 5 ′ -
Flap oligos are then involved in a secondary reaction 
where they act as Invader ® probes on a fluorescent reso-
nance energy transfer (FRET) cassette forming an over-
lapping structure that is also recognised by the Cleavase ® 
enzyme. When the FRET cassette is cleaved, a fluoro-
phore is released from a quencher on the FRET, allowing 
for the generation of a target-specific detectable fluores-
cence signal.
 The primary probe has a melting temperature close to 
the reaction temperature (63  °  C) and the assay cycles con-
tinuously: following cleavage of the primary probe, the 
remaining portion of the original probe is released and 
replaced by an uncleaved probe which, in turn, is cleaved 
and released. This allows for multiple rounds of primary 
probe cleavage for each target and amplification of the 
number of released 5 ′ -flaps. As with the initial reaction, 
the 5 ′ -flap and FRET cassette cycle and amplify the fluo-
rescence signal. As probes are present in excess, multiple 
rounds of primary probe cleavage occur per DNA target 
and multiple fluorescence signal fluorophores are gener-
ated per DNA target released. The assay uses 2 different 
discriminatory primary probes and 2 different FRET cas-
settes, each with a spectrally distinct fluorophore. Both 
reactions run together, allowing the simultaneous detec-
tion of 2 DNA target sequences in a single well.
 The 2 target sequences utilised in the chicken sexing 
assay are the W chromosome Xho1 repeat sequence 
[Tone et al., 1982; Kodama et al., 1987; Saitoh et al., 1991] 
that is specific to the female genome and the CR1-repeat 
sequence [Vandergon and Reitman, 1994; Coullin et al., 
Site of cleavage
Site of cleavage
FQ
F
Target DNA
(W-repeat genomic locus or CR1 genomic locus)
Primary probe (       complimentary to target DNA
complimentary to FRET DNA)
Invader oligo (complimentary to target DNA)
FRET cassette (       fluorescent moiety
quencher
FQ
F
Q
Recycles ‘Target’
& Invader
 Fig. 1. Schematic illustrating Invader sex-
ing assay.  a The nucleic acid components 
of the sexing assay.  b Generation of the flu-
orescence signal. The overlapping struc-
ture is recognised by a structure-specific 
endonuclease that cleaves the primary 
probe and releases the 5 ′ -oligo. The target-
specific 5 ′ -oligo acts as an ‘invader’ probe 
on the FRET cassette and is cleaved by the 
endonuclease, generating the fluorescence 
signal. The target and primary probe struc-
ture, and the 5′-Flap oligo are recycled. 
 a 
b
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2005] that is common to both males and females. Fluo-
rescence signal from the cleavage of the common CR1 
sequence ensures the presence of DNA, whereas genera-
tion of the female-specific W-repeat signal determines 
the sex of the sample.  Figure 2 shows the typical fluores-
cence profiles generated in real-time for both the W-re-
peat sequence and the CR1-repeat sequence.
 Accuracy 
 For routine sexing of embryos of different develop-
mental stages, we utilise a standard tissue fragment ap-
propriate for that particular stage e.g., a toe from a day 6.5 
embryo. This tissue is transferred to a tube containing 100 
μl of water and heated at 95  °  C for 5 min. Without further 
processing, 7.5 μl is then transferred to a 96-well plate. 
Reagent mix (7.5 μl) is added and the plate incubated at 
63  °  C, and the fluorescence is measured at 520 nm (FAM) 
and 602 nm (ROX) after 10 s of incubation and at 1 min 
intervals thereafter.  Figure 3 depicts a screenshot show-
ing the typical fluorescence profiles obtained from a 96-
well plate containing tissue lysate from 76 embryos from 
2 separate collections. ‘Control’ samples comprised fe-
male DNA, male DNA, and a water ’blank’. If only a small 
number of samples are to be analysed, sex can be assigned 
to individual samples simply by visual examination of the 
fluorescence profiles in real time. If desired, for larger 
sample numbers, fluorescence measurements can be ex-
ported in Microsoft Excel format at selected time points 
and a simple formula used to automatically assign the sex 
of individual samples. Briefly, values obtained at the se-
lected time point (e.g., 15 min) for the W and CR1 se-
quences are corrected for background readings at 10 s 
(fluorescence at t 15m – fluorescence at t 10s ). The W-repeat 
signal is then expressed relative to the CR1 signal ([FAM 
t 15m –t 10s ] – [ROX t 15m –t 10s ]), and samples with an overall 
positive value are automatically designated as female and 
samples with a negative value are automatically designat-
ed as male (online suppl. table S1 details the fluorescence 
measurements and calculations for samples in  figure 3 
and online suppl. fig. S1 illustrates fluorescence profiles 
and derived overall fluorescence values at different time 
points for samples A1–A12; for all online suppl. material, 
see www.karger.com/doi/10.1159/000448502). Even with 
crude tissue lysate, 5–10 min of incubation is clearly suf-
ficient to discriminate between male and female samples. 
In instances where only a very limited quantity of mate-
rial is available, the incubation time can be extended and 
the accumulation of fluorescence signal monitored visu-
ally. During assay development, each sample analysed
(n >500) was also sexed using an established molecular 
sexing assay. In addition, the Hologic Invader ® assay
was used in a blind test to assess blood samples from
1,000 adult birds (data not shown). In all instances, the 
Hologic Invader ® assay results agreed with either the 
known sex of the adult birds or the sex of embryos as de-
termined by an established protocol.
 Sensitivity 
 Assay sensitivity was established using different quan-
tities of purified male and female genomic DNA. The flu-
orescence profiles and the overall signal generated by dif-
ferent dilutions of male and female DNA, over 20 min, are 
illustrated in online suppl. figure 2 and show that female 
and male samples can be discriminated using as little as
1 ng of genomic DNA.  Figure 4 a shows the W-specific 
fluorescence signal generated by 32 ng of male and female 
DNA at different time points. The female samples show a 
steady increase in fluorescence with a maximum signal at-
tained between 17–20 min, while male samples show no 
increase above the background. In contrast, there is no 
difference between the CR1-repeat signal generated by 
male and female DNA ( fig. 4 b), which steadily accumu-
lates in both male and female samples throughout the time 
period studied. When the W-repeat signal is ‘normalised’ 
against the CR1 signal ([FAM t x –t 10s ]–[ROX t x –t 10s ]) the 
overall derived value for a male DNA sample is negative 
Fl
uo
re
sc
en
ce
Time
Female Male
W target CR1 target
 Fig. 2. Typical fluorescence profiles. Screenshots from a plate read-
er showing fluorescence signals generated by female and male 
samples over time. The signal accumulating from the W chromo-
some female-specific probe (W target) is shown in blue and the 
signal from male and female common repeat sequence (CR1 tar-
get) is shown in red. 
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W target
CR1 target
 Fig. 3. Sexing of crude tissue lysates. 
Screenshot from a plate reader of a 96-well 
plate showing fluorescence profiles gener-
ated by lysates from 76 embryos of un-
known sex and 3 control wells (H10: female 
DNA, H11: male DNA, H12: water). The 
sex of individual embryos is obvious from 
visual examination of the fluorescence pro-
files. 
0
10,000
20,000
30,000
40,000
50,000
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
W-specific signal
Male Female
0
1,000
2,000
3,000
4,000
5,000
6,000
7,000
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
CR1-repeat signal
Male Female
Fl
uo
re
sc
en
ce
 (F
A
M
)
Time (min)
Fl
uo
re
sc
en
ce
 (R
E
D
)
Time (min)
–10,000
–5,000
0
5,000
10,000
15,000
20,000
25,000
30,000
35,000
40,000
1 2 3 4 5 6 7 8 9 1011 121314151617181920
Overall signal
Male Female
–5,000
0
5,000
10,000
15,000
1 2 3 4 5
Male Female
Time (min)
Fl
uo
re
sc
en
ce
 (F
A
M
-R
E
D
)
* * *
* * *
* * *
* * *
* * *
a
b c
 Fig. 4. Fluorescence profiles from female and male DNA.  a Fluorescence signal generated by the W-repeat reac-
tion from 32 ng of male and female DNA (FAMt x –t 10s ) over time.  b Fluorescence signal generated by the CR1-
repeat reaction from 32 ng of male and female DNA (ROXt x –t 10s ) over time.  c Overall fluorescence signal derived 
from female and male W-repeat and CR1-repeat reactions over time ([FAMt x –t 10s ]-[–OXt x –t 10s ]).  Inset shows 
enlarged image of 1–5 min time points (n = 5;  * * * p < 0.005; error bars represent 1 SD). 
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and decreases with incubation time, while the derived val-
ue of a female DNA sample is positive and increases with 
incubation time ( fig. 4 c). The difference between the sig-
nals generated by male and female samples is statistically 
significant as early as the 1 min time point (p < 0.005).
 Compatibility with in ovo Protocols 
 To explore the utility of using the Hologic Invader ® 
sexing assay for in ovo experiments, we evaluated its per-
formance on small volumes of whole blood. Blood was 
collected from 5 male and 5 female embryos and used to 
generate a series of 2-fold dilutions directly in a 96-well 
plate. Each sample was adjusted to a total volume of 7.5 
μl and heated to 95   °   C and incubated at 63   °   C following 
the addition of the assay reagents. The signals generated 
after 15 min incubation are shown in  figure 5 a, and sam-
ples can clearly be identified as either male or female from 
as little as 0.125 μl of whole blood.
 We also utilised the assay to sex embryos prior to the 
formation of the circulatory system (data not shown). 
These embryos were ‘donors’ used to provide material for 
transplantation studies: blastoderm cells from newly laid 
eggs and lateral plate mesoderm from H&H Stage 12 em-
bryos. In both instances, we were able to use small frag-
ments of unused tissue to identify the sex of the donor 
embryos, while material was being prepared for trans-
plantation e.g., washing yolk from blastoderm cells. This 
enabled us to pool blastoderm cells of the same sex prior 
to injection and to avoid the generation of unwanted het-
erologous transplants. To determine the minimum num-
ber of cells required for such studies, we tested the sexing 
assay on isolated CEFs. Five male and 5 female CEF cul-
tures were harvested, counted, and used to generate a se-
ries of 2-fold dilutions. The signals generated by different 
numbers of cells after 15 min of incubation are shown in 
 figure 5 b. The sex of individual samples can be deter-
mined using as few as 250 cells.
 Discussion 
 The use of the chicken embryo as a model system has 
led to major advances in our understanding of all aspects 
of vertebrate development. A significant advantage of the 
chicken embryo model is the ability to manipulate the 
embryo at different stages and then to continue incuba-
tion and observe the effects of that treatment on embry-
onic development. Until recently, the necessity to iden-
tify the sex of manipulated embryos was considered to be 
restricted to studies involving reproductive tissues. How-
ever, we have now established that chicken somatic cells/
tissues possess either an inherent male or an inherent fe-
male identity, and this has implications for all chicken 
embryo studies. This cell-autonomous sex identity (CASI) 
was demonstrated by the fact that male cells transplanted 
into female embryos continue to differentiate and be-
have/respond in a male-specific manner, and vice versa. 
For example, male cells in female gonads express AMH, 
while female cells in male gonads express aromatase 
[Zhao et al., 2010]. While the developmental consequenc-
es of CASI will be more pronounced in tissues that are 
clearly sexually dimorphic, such as the gonads, as a result 
of CASI there will be structural and molecular male:female 
differences in all tissues [Maekawa et al., 2013]. As a con-
sequence, ideally, all chicken embryo studies should use 
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 Fig. 5. Sexing of materials for procedures involving live embryos. 
 a Signals (at 15 min) generated by different volumes of whole 
blood. The overall fluorescence signal for individual samples was 
derived ([FAMt 15 –t 10s ]–[ROXt 15 –t 10s ]) and plotted against the 
blood volume. Male and female samples could be discriminated 
using as little as 0.125 μl of blood (n = 5; p < 0.005).  b Signals (at 
15 min) generated by different numbers of cells. The overall fluo-
rescence signal for individual samples was derived ([FAMt 15 –t 10s ]–
[ROXt 15 –t 10s ]) and plotted against the cell number. Male and fe-
male samples could be discriminated using as few as 250 cells (n = 
5; p < 0.005; error bars represent 1 SD). 
D
ow
nl
oa
de
d 
by
: 
82
.3
3.
13
9.
13
2 
- 9
/2
0/
20
16
 6
:4
6:
31
 P
M
 Chicken Sexing Assay Sex Dev
DOI: 10.1159/000448502
7
material derived from embryos of known sex. While there 
are a number of molecular sexing assays available that are 
adequate for routine tissue collection and downstream 
analysis studies, these are somewhat laborious and time-
consuming and are not suitable for studies involving in 
ovo manipulation of live embryos. To address this issue, 
we have developed a novel sexing procedure based on 
Hologic Invader ® technology. This assay is accurate, sen-
sitive and rapid, and can distinguish the sex of individual 
animals from as little as 1 ng of DNA or 125 nl of whole 
blood, or as few as 250 cells. The assay is less prone to 
cross-contamination than current protocols, has mini-
mal equipment requirements (heat source and plate read-
er), and template purification is unnecessary – being rou-
tinely applied to heat-lysed cells or tissues.
 In summary, while the chicken embryo is an excellent 
vertebrate model, many of the protocols devised for this 
system require a high degree of expertise and involve a 
considerable investment of resources. Due to sexual di-
morphisms, unintended and unwanted heterologous 
transplants/treatments represent a significant waste. The 
ability to identify the sex of donor embryos prior to trans-
plantation or recipient embryos prior to electroporation/
implantation will result in a considerable saving in time 
and effort.
 Acknowledgement 
 This work was supported by the BBSRC [BB/H012486/1] and 
Institute Strategic Grant funding from the BBSRC.
 Statement of Ethics 
 The authors have no ethical conflicts to disclose.
 Disclosure Statement 
 The authors have no conflicts of interest to declare. 
 References 
 Chang HW, Cheng CA, Gu DL, Chang CC, Su 
SH, et al: High-throughput avian molecular 
sexing by SYBR green-based real-time PCR 
combined with melting curve analysis. BMC 
Biotechnol 8: 12 (2008). 
 Clayton JA, Collins FS: Policy: NIH to balance sex 
in cell and animal studies. Nature 509: 282–
283 (2014). 
 Clinton M: A rapid protocol for sexing chick em-
bryos  (Gallus g. domesticus) . Anim Genet 25: 
 361–362 (1994). 
 Clinton M, Haines L, Belloir B, McBride D: Sexing 
chick embryos: a rapid and simple protocol. 
Br Poult Sci 42: 134–138 (2001). 
 Clinton M, Zhao D, Nandi S, McBride D: Evi-
dence for avian cell autonomous sex identity 
(CASI) and implications for the sex-determi-
nation process? Chromosome Res 20: 177–
190 (2012). 
 Cortes O, Barroso A, Dunner S: Avian sexing: an 
optimized protocol using polymerase chain 
reaction-single-strand conformation poly-
morphism. J Vet Diagn Invest 11: 297–299 
(1999). 
 Coullin P, Bed’Hom B, Candelier JJ, Vettese D, 
Maucolin S, et al: Cytogenetic repartition of 
chicken CR1 sequences evidenced by PRINS 
in Galliformes and some other birds. Chro-
mosome Res 13: 665–673 (2005). 
 Davey MG, Tickle C: The chicken as a model for 
embryonic development. Cytogenet Genome 
Res 117: 231–239 (2007). 
 de Arruda M, Lyamichev VI, Eis PS, Iszczyszyn 
W, Kwiatkowski RW, et al: Invader technol-
ogy for DNA and RNA analysis: principles 
and applications. Expert Rev Mol Diagn 2: 
 487–496 (2002). 
 Fridolfsson AK, Ellegren H: A simple and univer-
sal method for molecular sexing of non-ratite 
birds. J Avian Biol 30: 116–121 (1999). 
 Garcia-Morales C, Nandi S, Zhao D, Sauter KA, 
Vervelde L, et al: Cell-autonomous sex differ-
ences in gene expression in chicken bone 
marrow-derived macrophages. J Immunol 
194: 2338–2344 (2015). 
 Griffiths R, Double MC, Orr K, Dawson RJ: A 
DNA test to sex most birds. Mol Ecol 7: 1071–
1075 (1998). 
 Hamburger V, Hamilton HL: A series of normal 
stages in the development of the chick em-
bryo. J Morphol 88: 49–92 (1951). 
 Hernandez R, Brown DT: Growth and mainte-
nance of chick embryo fibroblasts (CEF). 
Curr Protoc Microbiol 4: 4I (2010). 
 Kodama H, Saitoh H, Tone M, Kuhara S, Sakaki 
Y, Mizuno S: Nucleotide sequences and un-
usual electrophoretic behavior of the W chro-
mosome-specific repeating DNA units of the 
domestic fowl,  Gallus gallus domesticus . 
Chromosoma 96: 18–25 (1987). 
 Levin M, Johnson RL, Stern CD, Kuehn M, Tabin 
C: A molecular pathway determining left-
right asymmetry in chick embryogenesis. Cell 
82: 803–814 (1995). 
 Maekawa F, Sakurai M, Yamashita Y, Tanaka K, 
Haraguchi S, et al: A genetically female brain 
is required for a regular reproductive cycle in 
chicken brain chimeras. Nat Commun 4: 1372 
(2013). 
 Saitoh Y, Saitoh H, Ohtomo K, Mizuno S: Occu-
pancy of the majority of DNA in the chicken 
W chromosome by bent-repetitive sequences. 
Chromosoma 101: 32–40 (1991). 
 Sambrook J, Fritsch EF, Maniatis T: Molecular 
Cloning: A Laboratory Manual, ed 2, (Cold 
Spring Harbour Laboratory Press, New York 
1989). 
 Stern C: Special issue: the chick in developmental 
biology. Mech Dev 121: 1009–1186 (2004). 
 Tone M, Nakano N, Takao E, Narisawa S, Mizuno 
S: Demonstration of w-chromosome-specific 
repetitive DNA-sequences in the domestic 
fowl,  Gallus g domesticus . Chromosoma 86: 
 551–569 (1982). 
 Vandergon TL, Reitman M: Evolution of chicken 
repeat 1 (Cr1) elements: evidence for ancient 
subfamilies and multiple progenitors. Mol 
Biol Evol 11: 886–898 (1994). 
 Zhao D, McBride D, Nandi S, McQueen HA, Mc-
Grew MJ, et al: Somatic sex identity is cell au-
tonomous in the chicken. Nature 464: 237–
242 (2010). 
 
D
ow
nl
oa
de
d 
by
: 
82
.3
3.
13
9.
13
2 
- 9
/2
0/
20
16
 6
:4
6:
31
 P
M
